The intensity of scattered light increases as ∆V bh decreases. Data are presented which suggest that this increase is due to the formation of an intermediate cubic crystalline bilayer (L α ) to inverse hexagonal (H II ) phase transition has attracted particular interest because it is the simplest of the lyotropic transitions in which both the topology and curvature of the lipid-water interfaces internal to the liquid crystal change discontinuously at the transition [2] .
The presence of water and electrostatic effects makes lyotropic dispersions very complicated and difficult to understand. Insight into understanding such systems first came with the recognition that they form assemblies of 2-dimensional liquid-like films which elastically resist lateral extension or compression, or bending away from a desired curvature. Winsor [3] and Helfrich [4] suggested that much of the complexity of the molecular interactions can be lumped into phenomenological parameters such as the curvature of the lipid-water interfaces and the elastic moduli of the lipid layers. The utility of this phenomenological approach toward understanding the lamellar bilayer to nonlamellar transitions has been established by Gruner and coworkers [5] and by Charvolin [6] .
The idea that many aspects of the global phase behavior can be explained without considering the detailed molecular structure of the molecules involved led Goldstein and Leibler [7] to propose a mean-field model for the well known bilayer chain melt (i.e. gel-liquid crystalline) phase transition. They proposed a Ginzburg-Landau approach using the strain field of the lipid layers, with phenomenological parameters modulated by microscopic interactions arising from van der Waals, hydration and electrostatic forces. While this approach has not been extended to nonlamellar phases, the enormous simplification afforded by Helfrich's insight has stimulated recent experimental [2] and theoretical interest in nonlamellar phases [8, 9] . A rather general attempt in this direction is the Landau-Ginzburg model of Chen et al [9] , which involves a combination of scalar and vector order parameters that is claimed to have, in principle, sufficient complexity to describe not only lamellar and hexagonal phases, but also more geometrically complex phases, such as bicontinuous cubic phases [8, 10] . However, the large number of phenomenological parameters involved, as well as a lack of an intuitive physical interpretation or ready experimental handle on the order parameters, suggests that deeper insight may be derived from simpler explanations of unusual phase or structural behavior in cases where care has been taken to limit the energetic significance of complicating factors, such as the effects of electrostatic charge or limited water. Although there have been numerous studies of the effects of variation of temperature on these transitions [2] , there have been very few investigations of the effects of pressure. In this Letter, we describe some rather unusual phenomena exhibited by excess-water dispersions of electrically neutral lipid, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE; also known as dioleoylphosphatidylethanolamine), which swells in water to form phases with a well-defined water fraction, with a view to stimulating quantitative models. 1) Nonlamellar phase transitions temperatures are very pressure sensitive. Optical scattering [11] and x-ray diffraction [12] measurements suggested that the L α -H II transition temperature may be depressed by surprisingly modest pressures. Our experiments were conducted using a rotating anode x-ray source, a point-focussed beamline, a thermostated high pressure beryllium x-ray cell, and a two-dimensional x-ray detector [13] which, in combination, allowed rapid surveys of the temperature-pressure structure of small (∼ 10 mg) lipid samples. The phases and internal dimensions of the lipid-water liquid crystals were readily identified by the characteristic x-ray diffraction patterns of unoriented dispersions [14] . The Clausius-Clapeyron coefficient of change of transition temperature with pressure was dT bh /dP = 44 K/kbar, a value which is nearly twice as large as for the chain melting transition [15] and which establishes the excess-water L α -H II transition as one of the most pressure sensitive first order transitions known in a non-gaseous system. The isothermal bulk compressibility of the lipid-water system is comparable to that of water (see below).
Since the system is not unusually compressible, this suggests that the L α -H II phase transition involves a very delicate balance of competing energetic contributions such that small changes in overall volume result in large changes in the balance.
2) The unit cell spacing compressibility is negative. Figure 1 shows that the unit cell spacing, b, of the H II phase increases as pressure is applied. Furthermore, this pressure dependence is remarkably steep: at 20 C, b increases by nearly 1Åfor every 100 bar increase in pressure. The increase in the unit cell is almost all due to the transfer of water from the coexisting water bulk to the liquid crystal [16] . The data yield a value of the isothermal bulk linear compressibility of the Bragg lattice of α T = − K/bar, which is essentially the same as the Clausius-Clapeyron value for the L α -H II phase transition given above. This suggests that the thermodynamics of the phase transition may be understood using models based only on the gross structural parameters, without reference to details of the molecular interactions.
Thermodynamic stability arguments show that the apparent negative compressibility in Figure 1 refers only to the increase in the unit cell size of the two-dimensional hexagonal lattice; the overall specimen volume must decrease with increasing pressure. Almost all of the increase in size with increasing pressure arises from an increase in the radius of the central water core of the hexagonally packed tubes and the resultant influx of bulk water. Electron density reconstruction of the x-ray data show that the truly pressure sensitive aspect of the system is the spontaneous curvature of the lipid layer making up the hexagonally packed tubes [16] . Measurement of parameters such as the average volume, length and interfacial area per lipid molecule cannot be obtained from x-ray diffractometry alone; therefore we constructed a high pressure (0 -3 kbar) dilatometer capable of resolving volume changes of about 0.1 nl/mg in small lipid-water specimens [17] . Figure 2 shows the specific volume as a function of pressure at various temperatures.
3) At least four different pressure sensitive phase transitions are observed in excess water-DOPE samples (Fig.2 ) . The isothermal bulk compressibility of the DOPE-water system is about β T = − This suggests that the chains are packed with a high degree of order and that the phase is likely to be a crystalline phase. Crystalline phases corresponding to sub-gel transitions are known in PC systems [20, 21] .
4) The transition volume, ∆V bh , enthalpy, ∆H bh and entropy, ∆S bh , of the L α -H II transition decreases as the pressure is increased. The transition volume was measured by dilatometry and the transition enthalpy and entropy were then computed using the ClausiusClapeyron relation. The transition volume decreases as the temperature increases (inset, Figure 2 ). Most interestingly, ∆V bh , and therefore ∆H bh and ∆S bh , become too small to measure with our apparatus at about 80 C and ∼ 1750 bar. In order to test this hypothesis, an excess water-DOPE specimen was allowed to equilibrate at 80 ± 0.05 C and 1750 ± 3 bar, the nominal 'critical point'. In situ x-ray diffraction patterns of the sample were taken roughly every hour for three days. The initial diffraction pattern (Figure 4a ) is characteristic of the hexagonal phase. As time elapses, diffuse scatter becomes prominent concomitant with a decrease in the intensity of the hexagonal diffraction peaks. Within 12 hours, additional peaks appear. After 36 hours, the diffraction pattern can be readily indexed to a cubic lattice of P n3m/P n3 symmetry. The x-ray data shows that a cubic phase forms at high temperature and pressure. The spontaneous formation of the cubic phase at the expense of the hexagonal phase indicates that the cubic phase is stable. The slow formation of the cubic phase and the coexistence seen in Figure 4 with the metastable hexagonal phase are indicative of a pronounced kinetic barrier between the phases.
The sequence of phase dimensionality, from 1-D lamellar to 3-D cubic to 2-D hexagonal, underscores the fact that the lattice dimensionality is not a relevant parameter for these topological phase transitions. Gruner [5] , and Charvolin [6] suggest that the phase behaviour can be understood as a result of a frustration between opposing requirements of membranes that have to curl to satisfy curvature requirements on the one hand and to try to maintain constant bilayer thickness on the other. Because the phases are formed by a subtle balance of competing interactions, the latent heat associated with the transitions can be small. Anderson et al [8] argued that certain bicontinuous cubic phases provide equilibrium are gel-gel phase transitions not previously reported in the DOPE-water system, but are presumed to be similar to reported transitions in other lipid-water systems [20] . Inset shows that the transition volume ∆V bh for the L α − H II transition derived from the isotherms using a procedure similar to that of Wilkinson and Nagle [23] . ∆V bh decreases as function of pressure and becomes too small to measure as the pressure reaches ∼ 1750 bar.
FIG. 3.
Light scattering study of the DOPE-water system.
Data were taken at a fixed value of the magnitude of the scattering vector (q = 10 
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Evolution of the x-ray diffraction pattern at the times indicated after reaching 1750 bar, 80 C. The locations of the Bragg peaks in the diffraction pattern is characteristic of an inverted hexagonal phase (indexed in curly brackets). As time elapses, additional Bragg peaks emerge that index to a cubic lattice (square brackets). The best fit to the observed Bragg peaks corresponds to a lattice of P n3m (or P n3) symmetry shown schematically in the lower left. that has been observed in other lipid-water systems. The cubic phase may also be obtained by repeatedly thermally cycling the system across the L α − H II phase transition [19] .
